ABSTRACT. Hyperoxaluria and oxidative stress are risk factors in calcium oxalate (CaOx) stone formation. Supplement with antioxidant could be effective in prevention of recurrent stone formation. The present study aims to evaluate the protective effects of vitamin E and vitamin C in hyperoxaluric rat. The experiment was performed in rats for 21 days. Rats were divided into 5 groups as follows: control (group 1, n=8), hyperoxaluric rats (group 2, n=8), hyperoxaluric rats with vitamin E supplement (group 3, n=7), hyperoxaluric rats with vitamin C supplement (group 4, n=7) and hyperoxaluric rats with vitamin E and C supplement (group 5, n=7). Hyperoxaluria was induced by feeding hydroxyl L-proline (HLP) 2% w/v dissolved in drinking water. Intraperitoneal 200 mg/kg of vitamin E was given in groups 3 and 5 on days 1, 6, 11 and 16, while 500 mg of vitamin C was injected intravenously in groups 4 and 5 on days 1 and 11. Renal functions and oxidative status were measured. The urinary oxalate excretion was increased in HLP supplement rats, while glomerular filtration rate, proximal water and sodium reabsorption were significantly lower in group 2 compared with a control (P<0.05). Giving antioxidants significantly lower urinary calcium oxalate crystals (P<0.05). Hyperoxaluric rats had higher plasma malondialdehyde (PMDA) and lower urinary total antioxidant status (UTAS), which were alleviated by vitamin E and/or vitamin C supplement. In conclusion, giving combination of vitamin E and vitamin C exerts a protective role against HLP-induced oxalate nephropathy.
Kidney stone disease has been recognized as one of important diseases in both human and animals. Kidney stone could damage renal tubular epithelium, leading to impaired renal function. The most of the kidney stones in human are composed of calcium oxalate, which relates to calcium and oxalate metabolism in tissue and urinary tract system [11, 28] . The CaOx stone also had high incidence and recurrence rate in animals and induced oxidative stress [16, 21] . Many previous studies showed that enhanced oxidative stress was related to CaOx crystal and stone formation [7, 29] . Thus, prevention of oxidative damage may be a key role to prevent recurrent stone formation and subsequent renal dysfunction. Supplement of vitamin E (Vit E) reduces oxidative stress, oxalate excretion and CaOx crystal formation in hyperoxaluric rats receiving ethylene glycol (EG) [9, 24] . In hypertensive and hyperoxaluric patients, oral supplementation of Vit E at 400 mg/day for 9 months could normalize biochemical and kinetic properties of Tamm-Horsfall protein which inhibit CaOx crystal aggregation [23] .
Vitamin C (Vit C) is another potent antioxidant which has been used to treat the oxidative stress-related diseases, including renal ischemic reperfusion injury [15] or gentamicin induced nephrotoxicity [17] . However, its metabolite is a source of endogenous oxalate production, and increased oxalate excretion and oxalate nephropathy were reported in chronic Vit C usage [6, 20] . A recent study suggested that total and supplemental Vit C ingestion was correlated with higher incident of kidney stone formation in male, but not female [5] . Inversely, there was an evidence supported that a combination of Vit E and Vit C could reduce oxidative injury in LLC-PK1 proximal tubular cells induced by oxalate [26] . Therefore, the objective of this study was to investigate the beneficial effects of using Vit E, Vit C or its combination against kidney injury and oxidative stress in hyperoxaluric rats induced by hydroxy-L-proline (HLP). 
MATERIALS AND METHODS

Approvals
This study was approved and conformed to the Chulalongkorn University Animal Care and Use Committee, Faculty of Veterinary Science, Chulalongkorn University in protocol review number 1431056.
Animals and experimental protocol
All male Sprague Dawley rats weighing between 250-350 g, were obtained from National Laboratory Animal Center, Mahidol University, Thailand. Rats were housed in the 12:12 hr dark and light cycle and allowed for free access of water and food (Perfect Companion Co., Ltd., Bangkok, Thailand). All rats were allowed to acclimatize to the environment for at least 7 days before an experimental study. Rats were divided into 5 groups as follows: group 1; Control rats (n=8), group 2; Hyperoxaluric rats induced by HLP (n=8), group 3; Hyperoxaluric rats treated by Vit E (n=7), group 4; Hyperoxaluric rats treated by Vit C (n=7) and group 5; Hyperoxaluric rats treated by combination of Vit E and Vit C (n=7). Rats in group 1 received the regular drinking water, while the rest groups received 2% HLP (w/v) (ACROS ORGANICS, Morris Plains, NJ, U.S.A.) in drinking water throughout the experimental periods (21 days). Vit E (DURVET, Inc., Blue Springs, MO, U.S.A.) (200 mg/kg body weight) was given intraperitoneally on days 1, 6, 11 and 16 in groups 3 and 5 as previously described [9] , while Vit C (Atlantic Laboratories Corporation Ltd., Bangkok, Thailand) (500 mg/kg body weight) was given intravenously on days 1 and 11 in groups 4 and 5. An olive oil (VIDHYASOM Co., Ltd., Bangkok, Thailand) (0.2 ml/100 g body weight, i.p.) was given to groups 1, 2 and 4 as a placebo of Vit E vehicle, and isotonic saline (0.2 ml/100 g body weight, i.v.) was given in groups 1, 2 and 3 as a placebo of Vit C vehicle. Body weight, food intake and water intake were recorded daily in all rats throughout the experiment. Each rat was housed in a metabolic cage for 24 hr and urine was collected on day 0 (U0), day 10 (U10) and day 20 (U20) for measurements of urine volume and urinalysis. The rest portion of urine was stored at −20°C for further analysis of the excretion of protein, creatinine, oxalate, citrate, electrolytes (Na, K, Cl, Ca and Mg), malondialdehyde (MDA) and total antioxidant status (TAS). Indirect blood pressure measurement was performed from tail (PowerLAb/16 SP ADInstrument and ADINSTRUMENTS NIBP Controller, ADInstruments, Bella Vista, Australia) on the next day after animals leaving metabolic cage (day 1 and day 11). After indirect measurement of blood pressure, all rats were anesthetized with intraperitoneal injection of pentobarbital sodium (60 mg/kg) for blood collection from trimly tail vein for measurements of concentrations of plasma creatinine (PCr) and blood urea nitrogen (BUN). After that, the Vit C or NSS was given on day 1 and day 11. Vit E or olive oil was administered thereafter on day 1 and day 11 without anesthesia. The additional doses of Vit E or olive oil were also given on day 6 and day 16. On day 21, all rats were subjected to a renal clearance study. Then, 5 ml of blood was collected by cardiac puncture for measurements of BUN and PCr. The rest portion of plasma was used for measurements of electrolytes (Na, K, Cl, Ca and Mg), osmolarity and plasma MDA (PMDA). Rats were euthanized using high dose of pentobarbital sodium given intravenously. Both kidneys were removed and preserved in 10% neutral buffered formalin for further histopathological investigation.
On day 21, glomerular filtration rate (GFR), effective renal plasma flow (ERPF) and tubular handling of Na and water were assessed by the clearances of inulin (C In ), para-aminohippurate (PAH; C PAH ) and lithium (C Li ). The procedures for assessment and calculations of renal function were described previously [1, 22] .
Biochemical analyses
The hematocrit was measured using microhematocrit centrifugation. The concentrations of creatinine and BUN were determined by colorimetric method using automate analyzer (The IL ILab 650 Chemistry Analyzer, Diamond diagnostic, Holliston, MA, U.S.A.). The concentrations of inulin and PAH were measured using anthrone method [31] and Brun method [2] , respectively. The osmolarity was determined using an osmometer (Advanced Instrument Inc., Norwood, MA, U.S.A.). The concentrations of sodium and potassium were determined using a flame photometer (Frame photometer 410C, Ciba Corning Inc., Corning, NY, U.S.A.) while chloride was measured using a chloridometer (Chloride analyzer 925, Ciba Corning Inc.). The Li, Ca and Mg were determined using inductively coupled plasma optical emission spectrometry (Perkin Elmer™ Optima 5400, Waltham, MA, U.S.A.). The oxalate and citrate were determined using capillary electrophoresis (P/ACE™ MDQ CE Beckman Coulter, Fullerton, CA, U.S.A.). The MDA and TAS were determined using method of Ohkawa [19] and Chrzczanowicz [4] , respectively.
Urinalysis and sediment
Urine specific gravity was measured by a refractometer (Master Refractometer, ATAGO ® , Tokyo, Japan), while urine pH was performed by the Urine strip test (Combur9 Test ® , Roche Diagnostics GmbH, Mannheim, Germany). The sediment was examined by using 0.5 ml of urine subjected to 1,500 rpm centrifugations for 10 min. The sediment was stained using Sternheimer-Malbin stain and subjected to microscopic visualization for determination of crystal formation. The crystals in the urine were quantified by examining at X40, with five fields per sample and averaged. The crystal count was recorded as following: 0=no crystal deposits, 1=1-2 crystal deposits per field, 2=3-5 crystal deposits per field, 3=6-10 crystal deposits per field and 4=>10 crystal deposits per field.
Histopathological study
The kidney tissue segments were subjected for histologic procedure, after embedded in paraffin and cut at 5 µm thickness. The sections were stained with hematoxylin and eosin (H&E). Histopathological lesions both cortex and medulla were examined under 
Statistical Analyses
The data were expressed as mean ± standard error of mean (SEM). The data obtained in between groups were tested by one way ANOVA followed by Dunn's post-hoc analysis. The data obtained from the same group at different time points were compared using one way repeated measured ANOVA followed by Dunnett's Test.The relationships between parameters were performed using Pearson's correlation. The P value less than 0.05 was considered as significant difference.
RESULTS
Body weight, food and water intake
The averages of body weight on day 21 were not different among all groups (groups 1 to 5; 378.2 ± 7.4, 397.9 ± 15.9, 365.1 ± 15.4, 407.9 ± 10.7 and 370.6 ± 14.6 g, respectively). There were also no significant differences in daily water intakes (groups 1 to 5; 28.80 ± 3.37, 39.54 ± 2.53, 24.53 ± 4.72, 35.17 ± 6.06 and 34.84 ± 4.72 ml, respectively). Only food intake in group 3 was significantly lower than that in group 1 (18.34 ± 2.15 vs 23.31 ± 0.80 g, P<0.05).
Hemodynamics and glomerular function
Indirect systolic blood pressure, mean arterial blood pressure and urine flow rate were not changed throughout the experimental study in all groups. PCr was not changed from baseline in any groups on day 10. However, on day 21, hyperoxaluric rats had significantly increased PCr (P<0.05) ( Table 1) . BUN was transiently elevated on day 10 in groups 2 and 3 compared with day 0 (P<0.05), but became normalized on day 21. Evidently, hyperoxaluric rats had the highest concentration of both PCr and BUN.
Hyperoxaluric rats had the lowest GFR and ERPF ( Fig. 1A and 1B) , with the highest renal vascular resistance (RVR) than any group, but filtration fraction (FF) was not different. No significant changes were found on osmolar clearance and free water clearance.
Tubular function in water and electrolyte handling
Plasma osmolarity and levels of Na, K, Cl, Ca and Mg were not different among each group (Table 2) . On day 21, hyperoxaluric rats had significant reduction in proximal water reabsorption (T C H 2 O) by 46% compared with the control (group 1) (Fig. 1C) . There was no difference in T C H 2 O between group 3, 4 or 5 versus control rats. The similar results were observed in proximal tubular Na reabsorption (Fig. 1D) . Comparing with hyperoxaluric rats, both proximal tubular reabsorption of water and sodium were ameliorated by Vit C treatment (groups 4 and 5). There was no difference in renal handling of both water and Na at the distal tubules, as well as the urinary excretions of Na, K, Cl, Ca and Mg among each group throughout the experiment (Table 3) .
Plasma and urinary excretion of citrate and oxalate
Plasma level of citrate was slightly lower in Vit E or C supplemented rats (groups 3, 4 and 5) compared with the control and hyperoxaluric rats (Table 2 ). In the aspect of plasma oxalate level, groups 2, 3 and 4 rats had significant higher than control. Amongst these groups, hyperoxaluric rats treated by Vit C (group 4) exerted the highest plasma oxalate level. However, plasma oxalate level in HLP-induced hyperoxaluric rats appeared to be lower by combined Vit C and E supplement (group 5) compared with giving Vit C or Vit E alone. At day 20, the oxalate excretion was significantly elevated in all hyperoxaluric groups, except for group 3, while urinary citrate excretion in hyperoxaluric group was lower than control group (Table 3) .
Crystal formation
All hyperoxaluric groups had significant higher crystal deposition than the control on day 10 and day 20. The highest crystal score was observed in group 2, while Vit E supplement appeared to alleviate crystal deposition (groups 3 and 5) (Fig. 2) .
Oxidative status
At the end of the experiment, group 2 showed significantly higher PMDA concentration than the control (Table 4 ), but no The data were shown as mean ± SEM. a) P<0.05 in the same group when compared to day 0 using one way repeated measure ANOVA.
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Histopathology results
There was no remarkable lesion of glomerulus in all groups (Fig. 3) . However, group 2 rats developed moderate to severe flattened tubular epithelial cells in proximal, distal and collecting duct regions (Fig. 3B, b) . Antioxidant treatment appeared to alleviated tubular injury, as milder tubular epithelial lesions were observed (Fig. 3C, c−3E, e) .
The correlation between renal functions and oxidative stress
The GFR and the proximal tubular reabsorption of water and sodium have negative and significant correlations with PMDA (r= -0.41, r= -0.369 and r= -0.363, P<0.05, respectively), while the positive and significant correlations were observed with UTAS (r=0.22, r=0.533 and r=0.549, P<0.05, respectively). The data were shown as mean ± SEM. a) P<0.05 compared to group 1; b) P<0.05 compared to group 2 using one way ANOVA; c) P<0.05 in the same group when compared to day 0 using one way repeated measure ANOVA. The data were shown as mean ± SEM. a) P<0.05 compared to group 1; b) P<0.05 compared to group 2 using one way ANOVA; c) P<0.05 in the same group when compared to day 0 using one way repeated measure ANOVA. 
DISCUSSION
To induce hyperoxaluria in rats, we avoided to use ethylene glycol since its metabolites are nephrotoxic. Oral HLP ingestion was substituted [13] . Hyperoxaluric rats (group 2) were confirmed by elevation of both plasma and urine excretion of oxalate. We observed that hyperoxaluric rats developed deterioration of kidney function since the increased plasma BUN and creatinine, as well as decreased GFR and ERBF compared with the control. This impaired kidney function should be subclinical, since there were no changes in body weight, food and water intake, blood pressure or urine flow rate. Since a previous study, using ethylene glycol or high dose HLP, showed the alteration of these well-being indices, we believed that the severity of illness is dose and time dependent [9, 13, 30] . Reduction in GFR may in part be due to increased intra-capsular hydrostatic pressure, since using 5% HLP induced hyperoxaluria in rats revealed crystals deposition in cortex, medulla and papillary tip at 28 days [13] . Reduction in GFR, RBF and cortical microvascular blood flow were also detected in an EG model [10] . Regarding tubular function, hyperoxaluric rats developed impaired water and sodium reabsorption at the proximal tubular region. This might be assumed that high urinary oxalate concentration disturbs proximal tubular epithelial cell. Although we could not have identified the distal tubular cell dysfunction, the severe flattened tubular epithelial cells throughout the nephron obviously indicated pan-tubular epithelial cell injury. We also found decrease in citrate excretion and calcium oxalate crystal deposition in hyperoxaluric rats.
Oxidative stress was clearly occurred in hyperoxaluric rats, since our data revealed higher plasma MDA and lower urinary TAS than control rats. Previous studies reviewed that oxidative stress is associated with crystal formation and kidney stone formation. Multifactorial conditions including oxalate-induced free radical production cause damaged tubular epithelial cells [11] which subsequently induce crystal deposition and stone formation [9] . Several studies also reported that crystal and stone can aggravate oxidative stress as well [8, 9, 12, 25, 27] . According to this, oxidative stress appears to be a vicious cycle for urolithiasis.
Comparing with distal tubule, the proximal tubule is more susceptible for injury caused by ischemia, oxidative stress or toxin due to low anaerobic glycolysis [3] . Moreover, this site had low level of expression of antioxidant enzyme gene [14] . In the present study, we observed the increased oxidative stress in hyperoxaluric rats, with the proximal tubular structural and functional derangement. Our results supported that the proximal tubular epithelial cells were markedly injured by hyperoxaluria.
Both Vit E and Vit C are accounted as high potent natural antioxidants. It was regarded that Vit E is lipid-soluble while Vit C is water-soluble, and both of them have cooperative and synergistic effect in free radical scavenging [18] . Our study showed that isolated Vit E supplement in hyperoxaluric rats induced poor food intake at the end of our study, but ameliorated glomerular dysfunction since the normalization of elevated plasma creatinine, impaired GFR and ERPF. Vit E also rescued proximal tubular dysfunction, crystal deposition, oxidative stress and alleviated histocytopathic change in tubular epithelium observed in hyperoxaluric rats. Supplementation of Vit E did not affect plasma oxalate level, but appeared to reduce both urinary citrate and oxalate excretion.
On the other hand, isolated Vit C supplement in hyperoxaluric rats did not distress the general well-being of hyperoxaluric rats. Vit C instigated glomerular and tubular impairment, oxidative status and histocytopathic change of tubule. However, Vit C induced higher plasma oxalate and oxalata excretion, while it had no effect on crystal deposition.
Combination of Vit E and C supplement appeared to exert the most beneficial effects. Our results showed that all glomerular and tubular dysfunction, oxidative status, crystal deposition and histocytopathic alteration were recovered. The poor feeding and highly elevated plasma oxalate were also improved.
In summary, we demonstrated in the present study that HLP drinking in rats caused hyperoxaluria, which resulted in nephropathy by affecting both glomerular and proximal tubular damages, and being evidenced not only reduction in GFR and tubular reabsorptions of Na and water but also elevation of crystal formation and renal histopathologic lesion. This study was demonstrated in an in vivo study for the first time that hyperoxaluria-induced renal impairment could be significantly prevented by administration of Vit C and Vit E in combination.
